On the Observation of Vacuum Birefringence 
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We suggest an experiment to observe vacuum birefringence induced by intense laser fields. A 
high-intensity laser pulse is focused to ultra-relativistic intensity and polarizes the vacuum which 
then acts like a birefringent medium. The latter is probed by a linearly polarized x-ray pulse. We 
calculate the resulting ellipticity signal within strong-field QED assuming Gaussian beams. The 
laser technology required for detecting the signal will be available within the next three years. 
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The interactions of light and matter are described by 
quantum electrodynamics (QED), at present the best- 
established theory in physics. The QED Lagrangian cou- 
ples photons to charged Dirac particles in a gauge in- 
variant way. At photon energies small compared to the 
electron mass, u <C m e , electrons (and positrons) will 
generically not be produced as real particles. Neverthe- 
less, as already stated by Heisenberg and Euler, "...even 
in situations where the [photon] energy is not sufficient 
for matter production, its virtual possibility will result in 
a 'polarization of the vacuum' and hence in an alteration 
of Maxwell's equations" . These authors were the first 
to explicitly derive the nonlinear terms induced by QED 
for small photon energies but arbitrary intensities (see 
also 0). 

The most spectacular process resulting from these 
modifications presumably is pair production in a con- 
stant electric field. This is an absorptive process as pho- 
tons disappear by disintegration into matter pairs. It can 
occur for field strengths larger than the critical one given 
by 0,i 



£ c = ^~1.3xl0 18 V/r 



(1) 



In this electric field an electron gains an energy m e upon 
travelling a distance equal to its Compton wavelength, 
% e = l/m e . The associated intensity is I c — E% — 4.4 x 
10 29 W/cm 2 such that both field strength and intensity 
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are way out of experimental reach for the time being 
- unless one can utilize huge relativistic gamma factors 
produced by large scale particle accelerators [{J |6( . 

Alternatively, there are also dispersive effects that may 
be considered. These include many of the phenomena 
studied in nonlinear optics as well as "birefringence of 
the vacuum" first addressed by Klein and Nigam H in 
1964, soon followed by more systematic studies [cll9LllO|. 
In essence, the polarized QED vacuum acts like a birefrin- 
gent medium (e.g. a calcite crystal) with two indices of 
refraction depending on the polarization of the incoming 
light. In a static magnetic field of 5 T a light polarization 
rotation has recently been observed The measured 
signal differs from the QED expectations and may be 
caused by a new coupling of photons to an hitherto un- 
observed pseudoscalar. 

Detection of the tiny dispersive effects is an enormous 
challenge. In this paper we point out that several orders 
of magnitude in field strength may be gained by employ- 
ing high-power lasers. Distor ting the vacuum with lasers 
has been suggested long ago 0] but was not considered 
experimentally for lack of sufficient laser power. How- 
ever, recent progress in both laser technology and x-ray 
detection has lead to novel experimental capabilities. It 
is therefore due time to specifically address the feasibil- 
ity of a strong-field laser experiment to measure vacuum 
birefringence. In the light of the results such experi- 
ments are also necessary in order to test whether strong 
electromagnetic fields provide windows into new physics. 

We intend to utilize the high-repetition rate petawatt 
class laser system POLARIS which is currently under 
construction at the Jena high-intensity laser facility and 
which will be fully operational in 2007 [12]. POLARIS 
consists of a diode-pumped laser system based on chirped 
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FIG. 1: Proposed experimental setup for the demonstration of 
vacuum birefringence: A high-intensity laser pulse is focused 
by an F/2.5 off-axis parabolic mirror. A hole is drilled into 
the parabolic mirror in alignment with the z-axis (axes as 
indicated) in such a way that an x-ray pulse can propagate 
along the z-axis through the focal region of the high-intensity 
laser pulse. Using a polarizer-analyzer pair the ellipticity of 
the x-ray pulse may be detected. Shown in grey: Extension 
of the setup for the generation of counter propagating laser 
pulses and a high-intensity standing wave which may be used 
for pair creation. 



pulse amplification (CPA) which will be operating at 
A = 1032 nm (S7 = 1.2 eV) with a repetition rate of 
0.1 Hz. A pulse duration of about 140 fs and a pulse en- 
ergy of 150 J in principle allows to generate intensities in 
the focal region of I — 10 22 W/cm 2 . This corresponds to 
a substantial electric field E ~ 2 x 10 14 V/m, still about 
four orders of magnitude below E c . 

The proposed experimental setup is shown in Fig. ^ 
A high-intensity laser pulse is focused by an off-axis 
parabolic mirror. A linearly polarized laser-generated 
ultra-short x-ray pulse is aligned collinearly with the fo- 
cused optical laser pulse. After passing through the fo- 
cus the laser induced vacuum birefringence will lead to a 
small ellipticity of the x-ray pulse which will be detected 
by a high contrast x-ray polarimeter [l3| . The whole 
setup is located in an ultra-high vacuum chamber and is 
entirely computer controlled. 

Shown in grey in Fig. ^ is an extension of the setup 
which enables us to accurately overlap two counter prop- 
agating high-intensity laser pulses. Accurate control over 
spatial and temporal overlap was convincingly demon- 
strated carrying out an autocorrelation of the laser pulses 
at full intensity and generating Thomson backscat- 
tered x-rays from laser-accelerated electrons [l5|. This 
counter propagating scheme, a table-top "photon col- 
lider" , may also be employed for pair creation from the 
vacuum. For the x-ray probe pulse we have chosen an 
x-ray source of photon energy u) ~ 1 keV, since the 
birefringence signal is proportional to u 2 (see below) . 
Our long-term plans are to replace the present source by 
an x-ray free electron laser (XFEL) or by a laser-based 
Thomson backscattering source [l^ both of which deliver 
ultrashort and highly polarized x-rays. 

Refraction is a dispersive process based on modified 
propagation properties of the probe photons travelling 



through a region where a (strong) background field is 
present. The resulting corrections to pure Maxwell the- 
ory to leading order in the probe field a M may be ex- 
pressed in terms of an effective action ^1 



d^xd i ya ll {x)W v {x,y;A)a v {y) 



(2) 



where denotes the background field and li^ the po- 
larization tensor. To lowest order in a loop (or K) expan- 
sion the former is given by the Feynman diagram 



n, 



(3) 



with the heavy lines denoting the dressed propagator de- 
pending on the background field A, 



S F [A] 



(4) 

Hence, Si? [A] is an infinite series of diagrams where the 
nth term corresponds to the absorption and/or emission 
of n — 1 background photons (represented by the dashed 
external lines) by the "bare" electron. 

The dressed propagator is known exactly only for a 
few special background configurations (see |l6j| for an 
overview). Typically, one obtains rather unwieldy inte- 
gral representations which have to be analyzed numeri- 
cally. In our case, however, we can exploit the fact that 
we are working in the regime of both low energy and small 
intensities leading to two small parameters jl7j . namely 



v 2 = uj 2 /m 2 e ~ 4 x 10" 

,2 _ ci2 / 



e 2 = E 2 /E 2 = I/I c ~ 2 x 10" 



(5) 
(6) 



Low intensity, e 2 Cl, means that we can work to lowest 
nontrivial order in the external field i.e. 0(e 2 ). In terms 
of Feynman diagrams J3J then reduces to 



+ wxa/ Jvwv 



(7) 



Low energy, !/Cl, implies that we may safely expand 
in derivatives or, after Fourier transformation, in 
powers of the probe 4- momentum k = w(l,nk) where 
k 2 = 1 and n > 1 is the index of refraction. Thus, the 
derivative expansion is in powers of uj 2 or, equivalently, 
of v 2 . Again we restrict our analysis to leading order 
which turns out to be v 2 . The first vacuum polarization 
diagram in JJJ) is 0(i/ 4 ) while the second is 0(e 2 v 2 ) so 
we may safely neglect the former. The low-energy limit 
of the remaining diagram is obtained from the celebrated 
Heisenberg-Euler Lagrangian p] which to leading order 
in e 2 is given by 



(8) 
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The basic building blocks in 
doscalar invariants 



are the scalar and pseu- 
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where F^ v denotes the electromagnetic field-strength ten- 
sor (comprising both background and probe photon field) 
and Ffa, its dual. The nonlinear couplings in (JSJ are given 
by 

a 1 

1+ ^7 P , ^=4p, P=^^, (11) 

with a = 1/137 being the fine-structure constant. 

To proceed we split the fields into an intense (laser) 
background and a weak probe field according to the re- 
placement F M „ — > F M „ + / M „ with upper (lower) case let- 
ters for electromagnetic quantities henceforth referring 
to the background (probe). In the following we regard 
the plane wave probe field as a weak disturbance on 
top of the strong background field F^ v which we take 
as an electromagnetic wave of frequency f2. It can be a 
plane or standing wave or more realistic variants thereof 
like Gaussian beams (see discussion below). In any case, 
for the actual experiment we will have the hierarchy of 
frequencies Q <C u> <C m e in agreement with JSJ . 

The leading-order contribution to the polarization ten- 
sor is found by performing the split F — ► F + / in the 
Heisenberg-Euler action, 8S = J d x 5Jf, and writing it 
in the form @. This yields a polarization tensor 



IP" = -7_ k 2 y + 7 _ 6^6" + 7+ Wi? 



(12) 



where P M " = g^ v — k^k v /k 2 is the standard projection 
orthogonal to k and 5? denotes the background invariant. 
In addition we have introduced the new 4- vectors 91, 



6 m = pi*»u 



W- = F^k v 



(13) 



Note that we have b ■ k = = b ■ k and hence n M "fc„ — 
as required by gauge invariance. It is useful to diagonal- 
ize IP" and rewrite it in terms of a spectral decompo- 
sition. In full generality this is a bit awkward, but for 
our purposes matters can be simplified. The eigenvalues 
of IP" in principle depend on the four invariants k 2 , J?, 
& and b 2 . From (|12f> we note that there is no 8? de- 
pendence and that only the combination k 2 y appears. 
Let us count powers of e and v to determine the relative 
magnitudes of the invariants. If we write the index of re- 
fraction as n = 1 + A we expect A = 0(e 2 ) the deviation 
of n from unity being due to the external fields. Hence 
k 2 is no longer zero but rather k 2 = 0(e 2 v 2 ) implying 
k 2 y — 0(e A v 2 ). For generic geometrical settings (see 
below) the invariant b 2 — 0(e 2 v 2 ). The upshot of this 
power counting exercise is the important inequality 



\k 2 y\ < \b 2 



(14) 



by means of which we may neglect k 2 y '. This justifies 
the statement in [l6| that to leading order in e and v the 



eigenvalues of IP" do not depend on the invariants y 
and & . Hence, under the assertion H14[) constant fields 
behave as crossed fields (E and B orthogonal and of the 
same magnitude) for which strictly y — 8? = 0. In 
addition, one has b 2 = b and b ■ b = so that (|12f) turns 
into the spectral representation 



IP" = 7 _ Wb" + 7+ Vb" 



(15) 



We read off that the (nontrivial) eigenvectors are given 
by (|13[) corresponding to eigenvalues r y±b 2 (k). Note that 
b 2 is the only nonvanishing invariant which can be built 
from crossed fields. 

Adopting a plane wave ansatz for the probe field a M 
yields a homogeneous wave equation which in momen- 
tum space becomes linear algebraic. It has nontrivial 
solutions only if a secular equation holds which deter- 
mines the dispersion relations for k 2 . With the eigenval- 
ues given above there are two of them, k 2 — j±b 2 (k) = 0. 
Inserting k = w(l,nk), we finally obtain two solutions 
for the index of refraction. 



n± = 1 + h±Q 2 



(16) 



The nonnegative quantity Q 2 is an energy density which 
in 3-vector notation becomes 



Q 2 = E 2 + B 2 - 2S ■ k - (E ■ k) 2 - (B ■ k) 2 



(17) 



with S = E x B being the Poynting vector. The in- 
equality ((HI) holds as long as Q 2 ^ 0. The indices of 
refraction become maximal if probe and background are 
counter propagating ('head-on collision'), k = — Sy^l, 
whereupon 



Q 2 = E 2 + B 2 + 2\S\ = 41 



(18) 



with I denoting the background intensity. Note that one 
gains a factor of four as compared to a purely electric 
or purely magnetic background. Plugging (|T%1) into l(Po|) 
the indices of refraction become n± = 1 + 2j±I or, upon 
inserting y±, 



n± = 1 



14] a (14) I 



To the best of our knowledge, these values have first been 
obtained in Q . They imply birefringence with a relative 
phase shift between the two rays proportional to Art = 
n + — ri—, 



Ao 



27r^An 
A 



4a d I 
15 \T r 



4a d 
15 A* 



(20) 



A realistic laser field will lead to an intensity distri- 
bution along the z-axis (choosing k = e z ). If zq mea- 
sures the typical extension of the distribution we may 
set s = z/zq and write the intensity as I(s) — Iog(s) 
with peak intensity Iq and a dimensionless distribution 
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TABLE I: Numerical values for the phase shift 1211 and ellip- 
ticity signal S 2 . First line: present specifications of the Jena 
laser facility. Second line: optimal scenario with XFEL probe 
and large Rayleigh length. The peak intensity is taken to be 
Jo = 10 22 W/cm 2 . 
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function g(s). The phase shift (|2(Jfl is then replaced by 
the expression 01 

(21) 

15 A I c K ' 

where the correction factor k is the integral 

k = k(s ) = [ ° ds g(s) = 0(1) . (22) 

J — so 

Here, so denotes the half-width of the intensity distribu- 
tion in units of zq. In general it is a reasonable approxi- 
mation to let so ~ > 00 ■ For a single Gaussian beam, zq is 
the Rayleigh length and the intensity I\ follows a Lorentz 
curve, hence <?i(s) = 1/(1 + s 2 ) implying k\(oo) = n. 
Identifying d = 2zq this differs from l|2U|l by a factor 
of 7r/2 = 0(1). For two counter propagating Gaussian 
beams ('standing wave') obtained from splitting a beam 
of intensity I\ one gains a factor of two in peak intensity 
but the distribution gets thinned out due to the usual 
cos 2 modulation, which cancels the gain in intensity lead- 
ing to the same correction factor K% = ~k = K\. 

A linearly polarized electromagnetic wave undergoing 
vacuum birefringence with a polarization vector oriented 
under an angle of 45° with respect to both background 
fields E and B will be rendered elliptically polarized with 
ellipticity S (ratio of the field vectors). In the experi- 
ment, intensities will be measured and the experimental 



quantity to be determined is S 2 ~ (^A0) 2 . In Table [I] 
expected ellipticity values for given experimental param- 
eters are listed. 

These results clearly show the challenging nature but 
also the feasibility of the proposed experiment. Presently, 
a petawatt class laser facility such as POLARIS is ex- 
pected to reach about 10 22 W/cm 2 at unprecedented rep- 
etition rates of ~ 0.1 Hz |l2j. The values of S 2 obtained 
for such lasers (Tab. [IJ are at the limit of the accuracy 
that can now be obtained with high-contrast x-ray po- 
larimeters using multiple Bragg reflections from channel- 
cut perfect crystals 0, 0, |2C| . These instruments are 
in principle capable of a sensitivity of S 2 ~ 10" 11 [2fl |. 
Since the expected signal is proportional to both I 2 and 
A" 2 it may be greatly enhanced by increasing the laser 
intensity or choosing a smaller probe pulse wave length. 
For example, with the proposed ELI laser facility reach- 
ing 10 25 W/cm 2 a sensitivity of the polarimeter of 
only 10" 7 . . . 10" 4 is required which is within presently 
demonstrated values of sensitivity [l^. The required x- 
ray probe pulse may be generated either with an XFEL 
synchronized to a petawatt laser or by the use of Thom- 
son scattered laser photons from monochromatic laser 
accelerated electron beams 0, • 

It seems worthwhile to point out that although a stand- 
ing wave for the background (which may be created in the 
"photon collider" setup as shown in Fig. ^| does not lead 
to an increase in integrated intensity and hence of the 
birefringence signal, it does yield double peak intensity. 
This is important for the observation of effects sensitive 
to localized intensity like Cherenkov radiation and pair 
production. 
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